The family is part of a gene expression signature that predicts poor prognosis in lung cancer patients. In a mouse model of K-ras/p53-mutant lung adenocarcinoma, miR-200 levels are suppressed in metastasis-prone tumor cells, and forced miR-200 expression inhibits tumor growth and metastasis, but the miR-200 target genes that drive lung tumorigenesis have not been fully elucidated. Here, we scanned the genome for putative miR-200 binding sites and found them in the 3 0 -untranslated region (3 0 -UTR) of 35 genes that are amplified in human cancer. Mining of a database of resected human lung adenocarcinomas revealed that the levels of one of these genes, Flt1/VEGFR1, correlate inversely with duration of survival. Forced miR-200 expression suppressed Flt1 levels in metastasis-prone lung adenocarcinoma cells derived from K-ras/p53-mutant mice, and negatively regulated the Flt1 3 0 -UTR in reporter assays. Cancer-associated fibroblasts (CAFs) isolated from murine lung adenocarcinomas secreted abundant VEGF and enhanced tumor cell invasion in coculture studies. CAFinduced tumor cell invasion was abrogated by VEGF neutralization or Flt1 knockdown in tumor cells. Flt1 knockdown decreased the growth and metastasis of tumor cells in syngeneic mice. We conclude that miR-200 suppresses lung tumorigenesis by targeting Flt1. Mol Cancer Res; 9(1); 25-35. Ó2010 AACR.
Introduction
Metastasis is the primary cause of death from lung cancer. The lack of curative treatment options for patients with metastatic disease emphasizes the need for a better understanding of the biological processes that drive metastasis. Toward that goal, mouse models have been generated that develop lung adenocarcinomas with defined metastatic potential. Mice that express K-ras G12D conditionally, inducibly, or somatically develop lung adenocarcinomas that become locally advanced but do not metastasize, whereas mice that express the same K-ras mutation and a Tp53 mutation (p53 R172H ) that is found in patients with Li-Fraumeni syndrome and sporadic lung cancers develop widely metastatic lung adenocarcinoma (1) (2) (3) (4) (5) . Studies on these metastasis-prone mice have revealed that their lung tumors recapitulate transcriptional features of tumors from poor-prognosis lung adenocarcinoma patients (6) .
Accompanying metastasis in K-ras/p53-mutant mice is a suppression of the microRNA-200 (miR-200) family, which includes 5 family members (miR-200a, miR-200b, miR-200c, miR-141, and miR-429) clustered in 2 genomic loci (200b-200a-429 and 200c-141) that target members of the Zeb family of transcriptional repressors that drive epithelial-to-mesenchymal transition (EMT; ref. 7) . Forced expression of the miR-200b-200a-429 cluster abrogates the tumorigenic and metastatic capacities of these tumor cells and induces broad transcriptional changes (>1,000 genes increased or decreased), conferring transcriptional features of metastasis-incompetent tumor cells (7) . Demonstrating the relevance of these findings to human lung cancer, low miR-200b levels are part of a microRNA signature in earlystage lung cancer specimens that predicts disease recurrence in patients (8) . The effects of miR-200 on tumor cell invasion are clearly contextual, as reports on other tumor types have shown that miR-200 family members increase with neoplastic transformation and promote tumor cell invasion (9, 10) . In addition to regulating EMT and invasion, the miR-200 family governs other tumor cell biologic processes including the acquisition of stem cell features, apoptosis, proliferation, and chemoresistance (11) (12) (13) (14) (15) (16) . Collectively, these findings indicate that miR-200 is a central regulator of tumorigenesis and demonstrate a critical need to identify miR-200 target genes involved in these processes.
The metastatic capacity of tumor cells is governed in part by extracellular signals emanating from infiltrating stromal cells (fibroblasts, inflammatory cells, endothelial cells, and others). These cells secrete a broad spectrum of ligands (growth factors, chemokines, and cytokines) that bind to cognate receptors on tumor cells and drive tumor cell proliferation and invasion (17) . These ligands also direct intratumoral inflammation and angiogenesis owing to cognate receptors on inflammatory cells and endothelial cells (17) . Thus, intratumoral ligands establish a complex network of cell-cell interactions within the tumor microenvironment. Although microRNAs regulate the metastatic capacity of tumor cells by targeting genes involved in a variety of processes (18) , microRNAs that target receptors for prometastatic ligands have not been reported. Here we scanned the genome for putative miR-200 binding sites and found that Flt1/VEGFR1 is a candidate miR-200 target gene, leading us to posit that miR-200 suppresses lung adenocarcinoma metastasis by targeting Flt1 in tumor cells. Findings from these studies suggest that miR-200 suppresses metastasis by targeting Flt1 and support a growing body of evidence that, in addition to stimulating angiogenesis, VEGF promotes tumorigenesis through direct effects on tumor cells.
Material and Methods

Animal husbandry
Before their initiation, all mouse experiments were submitted to and approved by the Institutional Animal Care and Use Committee at the University of Texas M.D. Anderson Cancer Center. Mice received standards of care and were euthanized according to the standards set forth by the IACUC. 129/SV syngeneic mice were injected with tumor cells (1 Â 10 6 ) subcutaneously in the right flank using RPMI containing 10% fetal bovine serum as vehicle. Mice were monitored daily for 6 weeks, at which time necropsies were performed to isolate and weigh the primary tumors and count lung metastases.
Establishment of murine lung adenocarcinoma cell lines
The methods used to establish lung adenocarcinoma cell lines in culture from murine tumors have been described previously (7) . Cell lines were named according to the mouse number and site of derivation (e.g., 393P, denotes primary lung tumor; 344SQ, subcutaneous metastasis). These cells have alveolar type II cell properties and variable propensities to undergo EMT and metastasize following injection into syngeneic mice (5, 7) .
Isolation of primary lung fibroblasts
Murine lung tissues isolated at necropsy were immediately perfused with 2% fetal bovine serum in Hank's buffered salt solution (FBS-HBSS) and dispersed into single cell suspension by immersion in 3 mg/mL of Collagenase and DispaseII (Roche) on a gentleMACS Dissociator (Miltenyi Biotec) using the lung tissue dissociation programs (Lung_01 and Lung_02). Dispersed cells were centrifuged, washed with FBS-HBSS, and subjected to red blood cell lysis by adding RBC Buffer (BioLegend). The remaining cells were centrifuged, washed, filtered (70 and 40 mm), counted (Countess, Invitrogen), and mixed twice with antibody-conjugated magnetic beads (Dynal-Magnetic beads; Invitrogen) on a rotator, each time for 45 minutes at 4 C, to first deplete leukocytes (anti-CD45 and anti-CD68), endothelial cells (anti-CD31), and epithelial cells (anti-EPCAM) and then to isolate fibroblasts (anti-Thy-1) from the supernatants. Fibroblasts were eluted off the anti-Thy-1-conjugated beads by incubation in FBS-HBSS, 0.5% BSA, and 2 mmol/L EDTA, centrifuged, washed, and cultured in RPMI 1640 containing 10% FBS and 100 mg/100 U penicillin-streptomycin (GIBCO).
3 0 -UTR reporter assays Flt1 3 0 -UTR (2.0 kb) was isolated from a mouse BAC clone (BACPAC Resource Center at Children's Hospital Oakland Research Institute, RP23-375F2) by PCR and ligated into pCI-neo-hRL vector. ZEB1 3 0 -UTR (1.9 kb) subcloned into the same vector was used as a control. These reporters were cotransfected with synthetic miR-200 precursors (5 nmol/L, Ambion) into 344SQ cells (1 Â 10 5 cells per well). After 48 hours, luciferase activity was measured with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. To construct miR200-binding site mutants, a PCR-based site-directed mutagenesis strategy (19) was carried out using the following primers: (mut1) 5 0 -CCAGCCCCTGACAGGACTATACATCTATGAG-3 0 and (mut2) 5 0 -GGTTTTATCTCAAGGACTAATATATA-GACAA-3 0 (mutation sites are underlined).
Antibodies and recombinant peptides
For preparation of antibody-conjugated magnetic beads, we purchased Magnetic Sheep anti-Rat Dynabeads (Invitrogen) and the following rat anti-mouse antibodies: IgG (Abcam), CD31 (BD Pharmigen and Abcam), CD326 (BD Pharmigen), F4/80 (AbD Serotec and Abcam), CD90 (BD Pharmigen and Abcam), and CD68 (Abcam). Western blot analysis and immunofluorescence studies were performed using anti-VEGFR1 (R&D Systems) and anti-VEGFR3 (Santa Cruz Biotechnology) antibodies. For VEGF treatment and neutralization experiments, cells were treated with anti-mouse VEGF neutralizing antibodies, control IgG, or recombinant murine VEGF (R&D Systems).
Invasion assays
As described previously (7) , cells were seeded first in the lower chambers (10 5 cells) and next in the upper chambers (5 Â 10 4 ) of 24-well Transwell invasion plates (BD Biosciences). As indicated, antibodies (1 mg/mL) or recombinant peptides (10 ng/mL) were added to the lower chambers. Cells in the upper chambers were allowed to invade for 14 to 16 hours, at which time conditioned media samples were collected and stored at À80 C and the inserts in the upper chambers were removed for analysis. Cells on the inserts were fixed with 90% ethanol, stained with 0.1% crystal violet blue, and washed with ddH 2 O. Noninvaded cells on the upper side of the inserts were wiped off with a cotton swab. Invaded cells were counted in 5 microscopic fields at 4Â magnification, which were averaged.
Cytokine quantification in conditioned media samples
Triplicate samples from 3 independent experiments (9 samples per condition) were simultaneously subjected to Magnetic Luminex Bead Pro Bioplex Assays (Bio-Rad Laboratories). For each cytokine calibration curve, 8 standards were performed ranging from 2.0 to 32,000 pg/mL. Data acquisition and analysis were completed by using the Bio-Plex 200 system with workstation (Bioplex Manager Software Version 5.0). Mean values were calculated from replicates (FSD) and a Dunnett's test was performed to find significant differences.
VEGFR1 shRNA transfections
HuSH shRNA plasmid panels (29-mer) expressing murine VEGFR1 shRNA (TG514364) or scrambled control shRNA (TR30013) in pGFP-V-RS vector were purchased (OriGENE) that contained the following VEGFR1-specific shRNAmir sequences: 5 0 -GAAACCACAGCAGGAAGACGGTCCT-ATCG-3 0 and 5 0 -TGAAGCGGTTCACCTGGACTG-AGACCAAG-3 0 . 344SQ cells were transfected using Lipofectamine and Opti-MEM (Invitrogen). Transfection media and reagents were replaced 24 hours after transfection, and cells were selected in puromycin (15 mg/mL) for up to 14 days to generate transfectant pools from which single cells were isolated, expanded, and used for experimentation.
Colony formation assays
Cells (5 Â 10 4 in 0.3% agar) were seeded onto a layer of 0.8% agar in 6-well plates, allowed to proliferate for 21 days, and stainedwith0.5mg/mLnitrotetrazolium blue (Sigma-Aldrich). Colonies were visualizedbylightmicroscopy(4Â)andcounted. Results were expressed as mean values from triplicate wells.
Real-time quantitative PCR assays
RNA was isolated from cells using Trizol Reagent (Invitrogen), and 2 mg of each RNA sample was reverse-transcribed. RT-PCR analysis was performed using the ABI 7500 Fast Real-Time PCR System (Applied Biosystems) using the comparative threshold method with L32 ribosomal protein mRNA as an endogenous reference housekeeping gene. For each reaction, a standard curve was performed using serial dilutions of a mixture of cDNA samples. SYBR green I (Applied Biosystems) was used as the fluorophore. All experiments were performed in triplicate. The primer sequences used are listed in Supplementary Table 1 .
Western blot analysis
Lysates from cell lines were harvested using RIPA buffer and were separated by SDS-PAGE and transferred onto a polyvinylidene fluoride nitrocellulose membrane (Bio-Rad Laboratories). Membranes were immunoblotted overnight at 4 C with primary antibodies in TBST containing 5% nonfat dry milk. Antibody binding was detected with an enhanced chemiluminescence kit according to the manufacturer's instructions (Amersham).
Results
Identification of candidate miR-200 target genes
We used 2 prediction tools (www.microRNA.org and "conserved targets" at www.targetscan.org) to scan the genome for putative miR-200 binding sites and identified 432 genes in common to both programs, of which 183 had high (>0.80) probability of conserved targeting (Targetscan P CT ) scores (20) . To focus on those theoretical gene targets that might confer a selective advantage to cancer cells, the 432 genes were merged with the list of genes in regions of amplification in human cancer (21) , which yielded 35 genes in common to both lists (Supplementary Table 2 ). These 35 genes were enriched in the Gene Ontology classifications "protein kinase activity" (6 genes, 1-sided Fisher's exact test, P ¼ 2.2E-4), "protein amino acid phosphorylation" (6 genes, 4.2E-4), and "regulation of progression through cell cycle" (4 genes, 4.9E-4). One of the genes on that list is the receptor tyrosine kinase Flt1/VEGFR1, which was of interest based on the underlying hypothesis of this study that miR-200 suppresses lung adenocarcinoma metastasis by targeting receptors for prometastatic ligands. Supporting a potential role for Flt1 in this regard, mining of publicly available gene expression profiles from 2 cohorts of lung adenocarcinoma patients (22, 23) revealed that intratumoral Flt1 expression correlated inversely with duration of survival in one (n ¼ 117, P ¼ 0.007, log-rank test; P ¼ 0.016, univariate Cox) and with relapse-free survival in the other (n ¼ 193, P ¼ 0.01, logrank test; P ¼ 0.08, univariate Cox; Fig. 1A ).
Experimental validation of Flt1 as a miR-200 target
Flt1 has 2 putative miR-200b/c/429 binding sites in its 3 0 -UTR, one of which is located from nucleotides 33 to 39 and has a probability of conserved targeting (P CT ) score of 0.84, which is similar to scores for the bona fide miR-200b/c/ 429 binding sites within the Zeb1 3 0 -UTR, and the other is located from nucleotides 847 to 853 and has a P CT score < 0.10 (diagrammatically illustrated in Fig. 1B ). To determine whether Flt1 is a direct target of miR-200, a lung adenocarcinoma cell line derived from Kras LA1/þ ; p53 R172HDG/þ mice that expresses low endogenous miR-200 levels and is metastasis-prone (344SQ, ref. 7) , was cotransfected with synthetic miR-200 precursors (200a, 200b, 200c, 141, or 429 ) and a reporter plasmid containing luciferase fused to 3 0 -UTR sequences from Flt1, Zeb1 (a positive control), or nothing (a negative control). Relative to the effect of scrambled control oligomers, miR-200b and 200c suppressed the activity of the Flt1 3 0 -UTR reporter by 50% to 60%, which was similar to the effect of these oligomers on the Zeb1 3 0 -UTR reporter, and had no effect on the control luciferase reporter (Fig. 1B) . This suppressive effect was abrogated by site-directed mutagenesis of the 5 0 putative miR-200 binding site but not the 3 0 binding site ( Fig. 1B) . Furthermore, other miR-200 family members (200a and 429) had no effect on expressing the miR-200b/a/429 (miR-200b) cluster into 344SQ cells, which expressed VEGFR1 and VEGFR3 (Fig. 1C ) but no detectable VEGFR2 (data not shown). Forced miR-200b expression decreased Flt1 mRNA and VEGFR1 protein levels by 73% and 38%, respectively (Fig. 1C) , whereas the mRNA levels of VEGFR3 did not change (data not shown). Interestingly, VEGF-A levels in conditioned media samples from 344SQ_miR200b cells (258.36 pg/mL) were 3.8-fold higher than that of 344SQ_vector cells (66.87 pg/mL), raising the possibility that VEGFR1 suppression by miR-200 activated a feedback loop involving VEGF that maintains VEGFR1 activity.
miR-200 inhibits lung adenocarcinoma cell invasion by targeting Flt1
On the basis of the aforementioned findings, we posited that miR-200 abrogates lung adenocarcinoma cell invasion and metastasis by targeting VEGFR1 on tumor cells. To test this hypothesis, we cocultured lung adenocarcinoma cells with CAFs, which reportedly secrete VEGF (24) . CAFs and (as a comparison) normal lung fibroblasts (LF) were isolated from the lungs of Kras LA1 mice and wild-type littermates, respectively. Inflammatory cells and endothelial cells were first negatively selected from dispersed lung tissues by incubation with magnetic beads linked to antibodies against CD45 and CD31, respectively. Fibroblasts were isolated from the residual tissues by incubation with magnetic beads linked to antibodies against Thy-1 (CD90), a glycosylated cell surface protein expressed on lung fibroblasts, inflammatory cells, and neural cells (25) . Thy-1 pos cells isolated from normal lungs expressed vimentin but not markers of endothelial cells (CD31), macrophages (CD68), or leukocytes (CD45; Fig. 2A and B) , establishing the specificity of these conditions for the isolation of lung fibroblasts. Examination of CAFs and LFs in culture revealed clear differences. CAFs were smaller and more rounded, had fewer cellular projections (Fig. 2C) , expressed a-SMA at higher levels (Fig. 2B) , and had stress fibers arranged in parallel sheets, whereas LFs had stress fibers that were interwoven, flat, and branching (Fig. 2D) . The secretomes of CAFs and LFs were compared by performing multiplexed antibodybased assays on conditioned media samples collected from these cells (n ¼ 9 samples per condition). The concentrations of 22 (64%) of the 34 proteins analyzed were at least 2-fold higher in monocultured CAFs than they were in monocultured LFs or 344SQ cells, including monocyte chemotactic protein-1 (MCP-1/CCL2), the murine functional homologues of human CXCL1 (KC and MIP2), VEGF-A, interleukin-6, and others ( Table 1 ). VEGF-A was one of the most abundant proteins detected in CAF conditioned media samples (409.68 pg/mL), whereas VEGF-D, a VEGFR3 ligand, was present at extremely low levels (3.82 pg/mL). Four different lung adenocarcinoma cells derived from Kras LA1/þ ; p53 R172HDG/þ mice were cocultured in Boyden chambers with LFs or CAFs. Tumor cells were more invasive in coculture with CAFs than they were in coculture with LFs (Fig. 3A) . Several proteins increased sharply in the coculture conditioned media samples relative to their levels in monocultures, including TGFb1, VEGF-A, monokine induced by interferon-g (MIG/CXCL9), CXCR2 ligands (KC and MIP2), macrophage inflammatory protein (MIP-1a/CCL3), MIP-1b/CCL4, MCP-1, and leukemia inhibitory factor (LIF), which increased more prominently in the CAF cocultures than they did in the LF cocultures ( Table 1) . Examination of the mRNA levels of receptors for those ligands revealed that Flt1 was one of the most abundant receptors expressed in 344SQ cells ( Supplementary Fig.) ; therefore, we examined whether VEGF-A was required for CAF-induced tumor cell invasion. The cocultures were treated with an anti-VEGF neutralizing antibody, which abrogated CAF-induced 344SQ cell invasion ( Fig. 4A ). Of note, VEGF neutralization ( Fig. 4A ) and forced miR-200 expression ( Fig. 4B ) suppressed 344SQ cell invasion to similar degrees, arguing in favor of VEGFR1 as a downstream mediator of miR-200-induced tumor cell invasion. Conversely, when added to the lower chamber instead of CAFs, recombinant VEGF enhanced the invasion of 4 of the 5 lung adenocarcinoma cell lines examined (Fig. 4C) . Together, these findings demonstrated that VEGF-A was required for CAF-induced tumor cell invasion.
Flt1 is required for lung adenocarcinoma cell invasion and metastasis Following subcutaneous injection into syngeneic mice, 344SQ cells form tumors that prominently express Flt1 (Fig. 5A) . To assess its role in these tumors, Flt1 was knocked down in 344SQ cells by introduction of short hairpin RNA (shRNA). Two 344SQ_Flt1 shRNA clones (#2-3 and #4-1) were selected for further study on the basis of prominent reductions in Flt1 mRNA and VEGFR1 protein levels (Fig. 5B ). Relative to scrambled shRNA transfectants, the Flt1-depleted cells exhibited decreased proliferation in monolayer culture (Fig. 5C ), decreased colony formation in soft agar (Fig. 5D ), decreased invasion in coculture with CAFs (Fig. 5E ), and reduced metastatic potential following subcutaneous injection into syngeneic mice (Fig. 5F ).
Discussion
Findings from mouse models of human cancer support a central role for miRs in tumor progression, and studies to identify miR target genes have identified novel oncogenes and tumor suppressor genes (26, 27) , demonstrating that miRs are valuable tools to better understand cancer biology. Herein, we scanned the genome for theoretical miR-200 target genes to identify ones that might be required for tumor cells to respond to metastasis-promoting extracellular signals and made the discovery that Flt1 is a miR-200 target gene that is required for tumor cell invasion and metastasis.
The putative miR-200 target genes identified here are numerous and have diverse biological functions, which is consistent with the diverse transcriptional changes induced by forced miR-200 expression in tumor cells (7) and reflects the functional diversity of the miR-200 target genes validated thus far, which include, among others, Zeb1, Zeb2, Friend of GATA 2 (FOG2), Sox2, Klf4, and the polycomb repressor Bmi1 (28-30). Among the 35 theoretical target genes that overlapped with regions of gene amplification in human cancer, Flt1 had the highest high P CT score. We posited that miR-200 regulates tumor cell sensitivity to extracellular signals by targeting Flt1, and several salient findings reported here support this hypothesis. First, forced miR-200 expression suppressed Flt1 levels in a metastasisprone lung adenocarcinoma cell line and negatively regulated the Flt1 3 0 -UTR in reporter assays. Second, CAFinduced tumor cell invasion was abrogated by Flt1 knockdown or VEGF-A neutralization. Third, Flt1 knockdown abrogated invasion and metastasis in a syngeneic tumor model. However, reconstitution of Flt1 expression in 344SQ_miR200b cells was not sufficient to rescue tumor growth and metastasis in mice (data not shown), indicating that additional miR-200 target genes must be reexpressed to reverse the phenotypic changes induced by forced miR-200 expression. Collectively, these findings suggest that miR-200 opposes metastasis by coordinately repressing multiple target genes, a scenario that has been described for miR-31, which coordinates repression of a cohort of metastasispromoting genes (31) .
Findings presented here show that Thy-1 pos CAFs are a rich source of secreted factors that have diverse biological functions. The concentrations of CAF-derived factors were several-fold higher than they were in 344SQ cell cultures ( Table 1) , arguing that cells in the tumor stroma are a primary source of extracellular factors required for tumor cell invasion and metastasis. Many of these factors are immunomodulatory (KC, MIP2, TGFb1, MIG, MIP-1a, MIP-1b, and MCP-1) and proangiogenic (KC, MIP2, and VEGF; ref. 32 ), suggesting that CAFs regulate multiple biological processes in this model. From these studies, it is unclear which stages of lung neoplasia are regulated by CAF because CAFs were isolated from Kras LA1 mice at 10 to 12 months of age when lung lesions are multifocal and have differing histologic severities (atypical alveolar hyperplasia, adenoma, and adenocarcinoma). To address this question, in situ studies are needed to localize CAFs in lung tumors and correlate their presence with histologic severity and associated inflammatory and endothelial cells as an indicator of the cell types that CAFs recruit. These studies will require markers that reliably distinguish CAFs from LFs, which is a challenge given that many candidates, such as a-smooth muscle actin, are expressed in other cell types such as pericytes (33) .
Several findings presented here complement a growing body of evidence that, in addition to its role as an angiogenic factor, VEGF promotes tumorigenesis through direct effects on tumor cells. First, intratumoral Flt1 levels correlated inversely with duration of survival in lung adenocarcinoma patients. We can not exclude the possibility that contaminating stromal elements contributed to the high Flt1 expression, but the specimens chosen for analysis in these cohorts had more than 70% tumor cell purity (22, 23) , which argues against this possibility. Second, studies on Flt1-deficient lung adenocarcinoma cells demonstrated that VEGFR1 was required for cell proliferation, invasion, and metastasis. Similarly, in colorectal and pancreatic cancer cells, VEGFR1 maintains cell survival through cross-talk with Wnt-1/Frizzled, and VEGFR1 is required for tumor cell migration and invasion (34) (35) (36) (37) (38) . Studies performed to address the tumor cell-specific effects of VEGF have revealed that VEGFR1 activation induces tumor cell EMT and increases the phosphorylation of Src family members (34, 36) . The lung adenocarcinoma cells in this study, however, did not exhibit morphologic or biochemical evidence of EMT following treatment with recombinant VEGF (data not shown), suggesting that VEGF enhances tumor cell invasion through distinct mechanisms that bands were quantified densitometrically. Flt1 RNA and protein levels were normalized on the basis of L32 ribosomal protein mRNA and actin levels, respectively, and expressed relative to controls, which were set at 1.0. C, Flt1 knockdown inhibits 344SQ proliferation. Transfectants were seeded in monolayer cultures, counted, and expressed as mean values (AE SD) of quadruplicate samples. D, Flt1 knockdown inhibits 344SQ anchorage-independent growth. Transfectants were seeded in soft agar, and visible colonies were photographed (images) and counted (bar graph) at 21 days. Results expressed as mean values AE SD of triplicate samples. E, Flt1 knockdown inhibits CAF-induced tumor cell invasion. Transfectants were cocultured with CAF; invasive tumor cells were photographed (images) and counted in 5 separate microscopic fields per well, averaged, and mean values per well AE SD were calculated from replicate wells (bar graphs). F, Flt1 knockdown inhibits tumor metastasis. Syngeneic mice were injected subcutaneously with tumor cells and necropsied at 6 weeks to measure primary tumor size and count lung metastases (scatter plots). Mean values, long horizontal lines; standard deviations, short horizontal lines.
are tumor cell-type specific. In contrast to its active role in tumor cells, VEGFR1 functions as a VEGF sink in endothelial cells and opposes VEGFR2-induced endothelial cell division (39, 40) . These findings expand our understanding of the mechanisms by which the VEGFR1 axis is activated in tumor cells. In renal cell carcinomas, inactivating VHL mutations increase expression of hypoxia-inducible factor-1a, which increases VEGF-A secretion, enhancing tumor angiogenesis (41) . On the basis of findings reported here, we propose that miR-200 suppression raises VEGFR1 levels, enhancing the sensitivity of tumor cells to VEGF in the tumor microenvironment. miR-200 is commonly repressed in human tumor types other than lung cancer (42) (43) (44) , suggesting that the findings presented here are broadly applicable. Given the exquisite sensitivity of renal cell carcinomas to VEGF antagonists (41) , it is tempting to speculate that the subset of lung adenocarcinomas with low miR-200 expression might be similarly sensitive to treatment with these agents.
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